Abstract-In this work, we consider full duplex multi-inputmulti-output (MIMO) cooperative systems with amplify-andforward relaying protocol. In order to boost spectrum efficiency, the source node transmits multiple data streams at the same time, and the relay node receives and forwards these data stream simultaneously. By exploiting the channel state information, we jointly optimize the precoders at the source node and the relay node in terms of the end-to-end achievable rate, subject to fully suppress the self interference at the relay node. However, the optimization is not concave and intractable. Luckily, we found that the optimal solution lies on the boundary of the feasible set, and can be found numerically with gradient search over the boundary. Finally, through computer simulation, it shows that more multiplexing gain can be obtained with increasing number of data streams and the proposed scheme attains achievable rate 1.5 times higher than the half duplex scheme.
I. INTRODUCTION
Due to the dramatically increasing demand on mobile communications, it is more and more crucial to boost spectrum efficiency. With this regard, full duplex technology has been discussed extensively in modern wireless communication systems [1] , which aims to double the spectrum efficiency. Nevertheless, the achievable rate could be severely degraded if the self interference cannot be properly eliminated. Hence, multi-input multi-output (MIMO) transceiver has been adopted to reduce the self interference through precoding or beamforming design, and there exists a tradeoff between the strength of received signal and the reduction of self interference [2] .
Full-duplex technology has been considered to enhance spectrum efficiency of the cooperative networks, where the spatial diversity gain is exploited through user cooperations. In conventional cooperative systems, relay nodes are halfduplex and it takes two phases to accomplish the cooperative transmission: the first phase for the source node to send a message and the second phase for the relay node to forward the message. By contrast, if the relay node is equipped with fullduplex transceiver, it simply requires one phases to accomplish the cooperative transmission. It has been proved that the fullduplex relay networks provides significant gain in ergodic capacity [3] . Various precoder designs have been proposed to maximize the achievable rate or signal to interference plus noise ratio (SINR) for the MIMO relay nodes [4] - [6] . The full-duplex precoder designs were further extended to the contexts of two-way relay networks [7] , [8] , secrecy cooperative communications [9] , and wireless-powered relay networks [10] . These works mostly focus on the cases where the source and destination nodes are simply equipped with one antenna or where one data stream is transmitted over the relay network, which limits the improvement in the spectrum efficiency.
With this regard, we consider full-duplex MIMO cooperative systems where multiple source data streams are forwarded by the relay with amplify-and-forward (AF) relaying protocol. Specifically, we jointly optimize the precoding matrices at both the source node and the relay node to maximize the achievable rate of the cooperative network. To prevent intersymbol interference (ISI) cause by the full-duplex forwarding, the self interference is fully nullified by constraining the column or row space of the precoding matrix at the relay node orthogonal to the self-interference channel. Based on the zeroforcing constraint and transmission power constraint, we optimize the precoding matrices by exploiting the singular value decomposition (SVD) of all channel matrices, and reduce the optimization problem into a power allocation problem among all data streams. Nevertheless, the optimization is not concave and intractable. Luckily, we found that the optimal solution lies on the boundary of the feasible set and can be obtained numerically through gradient search. Finally, through computer simulation, it shows that the proposed system achieves around 1.5 times data rate than the conventional half-duplex system.
II. SYSTEM MODEL
Consider a MIMO relay system where a relay node assists the source node to forward signal to the destination using amplify-and-forward (AF) relaying strategy, as shown in Fig.xx . Specifically, the source and destination nodes are equipped with N t and M r antennas, respectively. It is assumed that the relay is full-duplex and equipped with N r receive antennas and M t transmit antennas. Let x[m] ∈ C K×1 be the data symbols of the source node in the m-th time slot and
H ] = I. After linear precoding, the signal transmitted by the source node is given by
where T ∈ C Nt×K is the precoding matrix at the relay node. The signal received at the relay is given by
whereP s is the transmission power of the source node, H ∈ C Nr×Nt is the channel matrix of the source-relay link, G ∈ C Nr×Mt is the self-interference channel of the relay node, and n r [m] is the AWGN occurred at the relay node with distribution CN (0, σ 2 r I). In eq. (2),
where W ∈ C Mt×Nr is the precoding matrix at the relay node and τ is the processing delay. Substituting (2) into (3), we have
In (4), the second term is resulted from the self-interference since the relay node forwards and receives signal at the same time, which will combine all the self-interference signals occurred in the past. To eliminate the self-interference in the forwarded signal, let as assume that |M t − N r | ≥ K and the precoding matrix W is constructed from the null space of W such that WGW = 0. With this setting, the signal forwarded by the relay node is then given by
Note that design of the precoding matrix W shall satisfy the power constraint that
The signal received at the destination equals to
where F ∈ C Mr×Mt is the channel matrix of the relaydestination link and
is the AWGN at the destination.
III. HIGH THROUGHPUT PRECODING DESIGN
In this work, we will design the precoding matrices at the source node and the relay node to enhance the spectrum efficiency of the full-duplex relay network. Given the precoding matrices (W, T), achievable rate of the system is given by
where R n is the covariance matrix of the effective noise at the destination node and given by
Notably, we assume that the processing delay τ is negligible.
The joint precoding optimization can be expressed by
subject to WGW = 0,
where t i is the i-th column of the precoding matrix T. Denote the singular-value decomposition (SVD) of the precoding matrix W as W U w Σ w V H w , where U w ∈ C Mt×Mt and V w ∈ C Nr×Nr are unitary matrices and Σ w ∈ C Mt×Nr is diagonal with singular values σ w,1 , σ w,2 ,· · · , σ w,min(Nr,Mt) on the diagonal. To satisfy the orthogonal condition WGW = 0, we have to discuss the null space of the self-interference channel matrix G. If N r − M t ≥ K, the right singular matrix V is constructed from the orthogonal complement of the space spanned by the columns of G, such that V H G = 0. On the other hand, if M t − N r ≥ K, the left singular matrix U is constructed from orthogonal complement of the space spanned by rows of G, i.e., GU = 0.Due to the space limitation and without loss of generality, we consider the case that N r −M t ≥ K in the remainder of the paper. Let G U g Σ g V H g be the SVD of the self-interference channel, where Σ g is a N r × M t diagonal matrix with descending diagonal values σ g,1 ≥ σ g,2 ≥ · · · ≥ σ g,Mt ≥ 0. Partition the right singular matrix as U g = [U g,1 |U g,0 ], where U g,1 ∈ C Nr×Mt is composed of left singular vectors of G with non-zero singular values, and U g,0 ∈ C Nr×(Nr−Mt) comprises of left singular vectors with zero singular values. To satisfy the constraint of WGW = 0, let V w = [U g,0 |U g,1 ] and the singular values in Σ w be σ w,k = 0, for k > min(M t , N r − M t ). Hence, the optimization problem (P 0) is then reduced to (P 1) max
where
To facilitate the optimization, denote the SVD of the channel matrices as F U f Σ f V H f and H U h Σ h V H h , where the singular values in Σ f and Σ h are in the descending order. To enhance spectrum efficiency, the precoder at the source node needs to match the right singular vectors of H with higher singular values, i.e.,
where V h (1 : K, :) is composed of the first K columns of V h . On the other hand, the precoding matrix W is left multiplied by the channel matrix F. Hence, the optimal solution of U w shall match the left singular matrix of the relay-destination channel, i.e.,
Consequently, the objective function in (P 1) can be written as
Nr×Nr is a diagonal matrix with the first K diagonal elements being σ 2 h,k , and the remaining diagonal entries being zero, and the noise covariance matrix R n is given by
With aforementioned design of the matrices T and U w , the problem (P 1 ) is then reduced to the optimization of the singular values of W, which is expressed by
. The opitimization problem of precoding matrix in (P 1) is now reduced to the optimization problem of scalars σ w,1 , · · · , σ 2 w,K in (P 2). In can be verified numerically that the objective function J2(Σ w ) is convex in (σ 2 w,1 , · · · , σ 2 w,K ). Hence, the first derivation of the objective function cannot provide the optimal solution. Instead, the optimal solution shall be founded from the upper boundary of the feasible region. In other words, the optimal solution of (σ 2 w,1 , · · · , σ 2 w,K ) shall be located on the hyperplane given by
Nevertheless, the matrix V H w U h is non-diagonal. Thus, it is intractable to obtain a close form of the optimal solution. In this work, we adopt gradient descend method to approach the optimal solutions of (σ w,1 , · · · , σ 2 w,K ) on the hyperplane.
IV. COMPUTER SIMULATIONS
In this section, we consider the relay system where the channel coefficients between all links are i.i.d. complex Gaussian with zero mean and unity variance. In Figs.2-4 , we consider that the source node transmits K = 3 data streams and the relay is equipped with N r = 6 receive antennas and M t = 3 transmit antennas. In Fig.2 , we compare the achievable rate of the full-duplex reply system with various antennas at the source node, while the number of antennas at the destination remains M r = 3. It shows that increasing one antenna at the source node leads to 1 ∼ 4 dB gain and the performance improvement is more obvious when N t is small. Similarly, we would like to demonstrate the performance improved by the number of antennas at the destination node in Fig.3 . Assuming that the source node has N t = 3 antennas, increase in the number of antennas at the destination node brings relative marginal gain, as shown in Fig.3 . Figure 4 compare the impact of diversity gain provided by the source node or the destination node. By comparing the achievable rate of the cases (N t , M r ) = (3, 5) and (N t , M r ) = (5, 3) ( or the cases (N t , M r ) = (3, 6) and (N t , M r ) = (6, 3)), increasing the number of antennas at the source nodes is more effective to enhance to spectrum efficiency.
Next, we consider the case that the source node has N t = 4 antennas, the relay node has N r = 8 receive antennas and M t = 4 transmit antennas, and the destination node has M r = 4 antennas. Please note that the maximum number of data streams in this system is limited by |N r − M t | = 4. We demonstrate the achievable rate of the proposed scheme with various values of data streams K in Fig.5 . With increasing number of data streams, more multiplexing gain can be obtained with the price of computational complexity.
Finally, we compare the achievable rates of the proposed full duplex scheme and half duplex scheme for the cases with K = 3 data streams and N r = 12, N t = 6, M t = 6, M r = 6 antennas. Specifically, the relay node has 18 antennas and the precoding matrix is also optimized in terms of achievable rate in half duplex case. It shows from Fig.6 that the proposed full duplex precoding scheme is able to increase around 1.5 times achievable rate compared with the optimal half duplex case.
V. CONCLUSION
In this work, we present a joint design of precoders at the source node and the relay node to maximize the achievable rate of the full duplex MIMO relay networks, subject to fully Fig. 6 . Achievable sum rates of the proposed full duplex precoding scheme and the optimal half duplex scheme for the cases with K = 3 data streams and (Nt, Nr, Mt, Mr) = (6, 12, 6, 6) antennas.
suppress the self interference at the relay node. In addition, the proposed scheme is applicable for cooperative transmission of multiple data streams to enhance the spectrum efficiency. Through computer simulation, it shows that more multiplexing gain can be obtained with increasing number of data streams and the proposed scheme attains achievable rate 1.5 times higher than the half duplex scheme.
